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Abstract 
In the framework of the COCS (Cost Saving CO2 Capture System) project we continue to develop high performance CO2 
absorbents to reduce the regeneration energy cost to almost half the current cost. To achieve this target we investigated twenty 
five tertiary amine based CO2 absorbents with different chemical structures. Solvent selection procedures were carried out based 
on their CO2 absorption rate, loading capacity and heat of reaction measurements. We found several high performance absorbents 
with advantages of high absorption rate and low heats of reaction compared to MDEA. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
Carbon dioxide is known as a representative greenhouse gas that causes global warming. To prevent global 
warming by the greenhouse effect a wide range of technologies currently exist for capturing and separating CO2 
from flue gases of fossil fuels [1]. CO2 capture by chemical absorption using an aqueous solution of amine based 
absorbents is a common industrial process and has, in many cases, been found to be the most viable solution 
compared with other processes [2]. Furthermore, in the currently used systems more than half of the capture cost is 
caused by absorbent regeneration. To make these systems more practical in the near future it is essential to reduce 
the absorbent regeneration cost by developing novel amine based absorbents. To achieve this target, we focused on 
the development of unique amine based CO2 absorbents that have a low heat of reaction, a fast absorption rate and a 
high capacity for carbon dioxide. Primary and secondary amines may be suitable candidates for this purpose but 
their higher reaction energy compared with tertiary amines makes it difficult to reach our goal. Therefore, we paid 
attention to hindered tertiary amine based absorbents because of their many possible structures and their lower heats 
of reaction. In our study twenty five tertiary amines were investigated and their performances were compared with 
the conventional N-methyldiethanolamine (MDEA). This paper will introduce the developmental procedures for 
these amines and discuss the results of our findings. 
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Figure1. The research target for tertiary amine based absorbents 
2. The Research Target for Tertiary Amine Absorbents 
Development of new absorbents is an ongoing research goal of the COCS project. Previously in RITE under the 
COCS project we developed several cost saving new absorbents for CO2 capture [3]. They were evaluated on their 
CO2 loading capacity, heats of reaction and absorption rates by comparison to MEA. The current research target was 
set at obtaining lower heats of reaction and higher absorption rates for tertiary amine based absorbents compared 
with MDEA. The relationship between CO2 absorption rate and heat of reaction, as determined experimentally, for a 
primary (Monoethanolamine, MEA), a secondary (Diethanolamine, DEA) and a tertiary (Methyldiethanolamine, 
MDEA) alkanolamine are shown in Figure 1. It is also apparent from Figure 1 that the heat of reaction and 
absorption rate of alkanolamines is dependent on the nitrogen substituent feature as MEA reacts faster than DEA 
and MDEA. In aqueous solutions CO2 and unhindered primary and secondary amines form stable carbamate anions 
and hindered tertiary amines form bicarbonate ions. Regeneration of tertiary amines requires less heat energy 
compared with the regeneration of primary and secondary amines. Low rates of CO2 absorption, however, make it 
difficult to use for cleaning flue gas. Our research target was thus to increase the absorption rate and decrease the 
heat of reaction for tertiary amines which would make them an attractive option for flue gas cleaning. 
3. Experimental, Absorbents Selection Methodology, Results and Discussion 
3.1. Experimental 
All amines except 7, 17, 18 and 19 were purchased from Sigma Aldrich chemical Co. and Tokyo Kasei Kogyo 
Co. Ltd. and were used without further purification. Tertiary amines 7, 17, 18 and 19 were prepared according to the 
method described in literature [4]. Purities and structures of synthesized amines were established by GC and NMR 
spectroscopy. For all amines a 30wt% aqueous solution was used for the screening test, vapor-liquid equilibrium test 
and heat of reaction measurements. 
3.2. Absorbents selection methodology, Results and Discussion 
Our development plan for absorbents consists of regeneration energy saving amine that possesses a lower 
reaction heat and higher absorption rate. We selected twenty five tertiary amine based absorbents with a broad range 
of structures. They are illustrated in Figure 2 and are described as; branch modified alkanolamine derivatives 
restricted to a single nitrogen atom (compounds 1 to 10); core and branch modified alkylamine derivatives confined 
to two nitrogen atoms (compounds 11 to 15); similarly modified alkanolamine derivatives with two nitrogen atoms 
(compounds 16 to 21) and ether linked alkanolamine derivatives with one to two nitrogen atoms (compounds 22 to 
25). To select unique absorbents from the above mentioned amines three fundamental experiments were performed 
in our laboratory to test for CO2 capture. They were screening tests, vapor-liquid equilibrium tests and heat of 
reaction measurements. Through these experiments solvent characteristics such as absorption-desorption rate, 
capacity of CO2 capture, and heat of reaction were obtained. The details of these test results will be described in the 
following paragraphs 
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Figure 2. Tertiary amine based absorbents and their chemical structures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic diagram of the screening test apparatus 
 
Screening 
The goal of the screening test was to determine the initial reactivity of absorbents with CO2. Figure 3 shows a 
schematic diagram of the experimental apparatus. The equipment was designed to operate at atmospheric pressure 
and temperatures of up to 100 °C. It contained six bubble absorbers. For this experiment a 250ml glass scrubbing 
bottle filled with 50 ml of a 30wt% screening solvent was placed in the water bath which was controlled at 40 °C. A 
20% CO2 gas balanced with N2 was then supplied to the bottle at a flow rate of 700 ml/min. After 60 minutes of CO2 
absorption the bottle was moved to the other water bath which was controlled at 70 °C and CO2 was desorbed from 
the solvent for 60 minutes. The flow rate and CO2 concentration of the feed gas were constant for the absorption and 
desorption tests. During these tests, the outlet gas from the reactor was analyzed with a carbon dioxide analyzer 
(VA-3001, HORIBA). The CO2 loading and absorption/desorption rates with time were estimated from the 
measured CO2 concentration. 
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Figure 4. Typical examples of screening tests 
 
CO2 absorption of the twenty five selected tertiary amines and the reference MDEA was measured. Figure 4 
shows a typical screening test. The screening test provided CO2 loading capacities and absorption/desorption rates of 
tertiary amines during a chemical absorption process. Absorption rates of all tested amines were calculated from the 
50% saturated CO2 loading. Experimental results for all amines are shown in Table 1 and MDEA was used as a 
reference absorbent for performance comparison. All the absorbents tested are highly soluble in water except 
TEEDA and TEDAM which have low water-solubility (Entries 12 and 14, Table 1). The presence of four 
hydrophobic ethyl groups at the terminal end of these two absorbents may be responsible. 
 
Figure 4 demonstrates that the saturated CO2 loading and absorption rates of TEDAM, DEAE, 3-DEA-1,2-PD, 
DEAE-EO, and N,NDMEDA-2EO were far higher than that of MDEA. These parameters also had low values for 
the N,N,N’TMPDA-EO. For the development of new absorbents we thus focused on the absorbents that 
outperformed MDEA in screening tests. Table 1 shows the experimental results for all screened amines with regards 
to their absorption rates, saturated CO2 loading and absorption capacities. Table 1 clearly shows that the absorption 
rates of all tertiary amine absorbents are higher than the absorption rate of MDEA. Some amines also showed 
excellent CO2 absorption capacity (entries 1, 3, 4, 10, 12, 22, 23 and 24 in Table 1). These results provided clear 
trends concerning the structural effects of tertiary amine based absorbents. Methyl and ethyl groups were found to 
be the most suitable functional groups for the enhancement of initial absorption rate and capacity. Substitution of the 
hydroxyl group decreases both absorption rate and capacity. An increase in chain length between different 
functional groups and the amine group mostly decreases the absorption rate but increases the capacity. The 
introduction of an ether functional group into an alkanolamine slightly decreases the absorption rate but increases 
the CO2 loading capacity. From the screening test results several amine absorbents with high CO2 absorption rates 
and capacities compared with MDEA were selected for the vapor-liquid equilibrium test. 
 
Vapor-liquid equilibrium 
Figure 5 shows the experimental apparatus used for vapor-liquid equilibrium tests which contained a 700-cm3 
stainless steel cylindrical vessel (autoclave), a water-saturator, an electric heater, a mechanical stirrer, a condenser 
and a CO2 analyzer. It was designed to operate at temperatures up to 200 °C and pressures up to 1 MPa. Tests were 
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conducted between 40 °C and 120 °C. Before starting the experiment the apparatus was purged with N2. During the 
experiment the autoclave was filled with a test solvent and heated with an electric heater. The gas which was 
controlled to a specific CO2 concentration was then supplied to the autoclave after flowing through a water-saturator. 
The equilibrium was determined when the CO2 analyzer indicated a constant CO2 concentration in the outlet gas. 
This typically took 2 to 3 hours. To analyze the equilibrium condition the CO2 concentration in both gas and liquid 
phase was measured. The CO2 partial pressure was derived from the temperature, total pressure and the measured 
CO2 concentration. For the liquid phase a sample was drawn from the autoclave and the amount of CO2 was 
measured with a Total Organic Carbon analyzer (TOC-VCH, Shimadzu). 
 
Solvents that showed superior performance from screening tests were selected for the evaluation of their vapor-
liquid equilibrium property. Figure 6a, 6b and 6c shows experimental results of vapor-liquid equilibrium tests for 
MDEA, DEAE, 3-DEA-1,2-PD and Bis(2-DMAE)ER. The CO2 loading capacities of all the chosen absorbents are 
shown in Table 1. 
 
From the screening test results nine absorbents seem to have better absorption characteristics than the other 
absorbents tested. These absorbents show a relatively high absorption rate combined with a high CO2 absorption 
capacity. These absorbents were thus selected for a further vapor-liquid equilibrium test. Figure 6a, 6b and 6c shows 
that the vapor-liquid experiments were conducted at 40 °C and 120 °C. These temperatures are regarded as typical 
absorption/desorption conditions for the chemical absorption process. From Figure 6a-c it is clear that DEAE, 3-
DEA-1,2-PD and Bis(2-DMAE)ER have a higher CO2 loading capacity compared with MDEA. The absorption 
capacities for CO2 capture by these absorbents are therefore much larger than this capacity for MDEA. The other 
absorbents also underwent vapor-liquid equilibrium tests and the results are shown in Table 1 (entries 1, 2, 6, 16, 22 
and 23). DMAE, DMA-2P, DEAE and Bis(2-DMAE)ER show excellent CO2 absorption capacities and their values 
are twice that of MDEA. Similar structural effects were found for the vapor-liquid equilibrium tests. It is interesting 
to note that all selected tertiary amine absorbents show a better absorption capacity than MDEA. 
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Figure 5. Experimental apparatus used for vapor-liquid equilibrium tests 
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Figure 6. Representative tertiary amine sample used for the vapor-liquid equilibrium test 
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Table 1. Experimental results for screening tests and vapor-liquid equilibrium tests 
 
                                                                            Results of Screening Experiments        Results of VLE Experiments    
Entry Absorbents 
30wt% 
aqueous 
solutions 
Absorption 
rate a 
g-CO2/ 
L-soln./min 
Absorption 
amount b 
g-CO2/ 
L-soln. 
Absorption 
capacity c 
g-CO2/ 
L-soln. 
Absorption capacity d 
g-CO2/ 
L-soln 
1 DMAE 2.3 100 41 77 
2 DMA-2P 0.9 57 11 75 
3 DEAE 2.9 95 36 69 
4 DEA-2P 1.6 77 32  
5 DIPAE 1.9 60 27  
6 EDEA 0.9 49 21 42 
7 IPDEA 1.9 60 11  
8 tBuDEA 1.9 52 26  
9 3DMA-1,2-PD 1.2 63 22  
10 3DEA-1,2-PD 2.9 90 35 56 
11 TMEDA 1.5 69 29  
12 TEEDA 1.2 55 31  
13 TM-1,4-DAB 2.8 104 27  
14 TEDAM 3.8 114 29  
15 TMPDA 1.4 76 14  
16 N,N,N’TMEDA-EO 1.0 44 12 46 
17 N,N,N’TMPDA-EO 1.0 35 7  
18 N,NDMEDA-2EO 1.6 59 12  
19 N,N’DMPDA-2EO 1.0 32 8  
20 2,2,2’,2’THEEDA 1.1 36 12  
21 1,3-Bis-DMA-2P 1.1 52 16  
22 DMAE-EO 1.8 58 30 51 
23 DEAE-EO 2.2 72 32 53 
24 Bis(2-DMAE)ER 1.1 64 38 81 
25 TMN’(2HE)bis(2AE)ER 1.0 41 15  
26e MDEA 0.8 47 17 42 
a Absorption rate at 50% of saturated CO2 loading, 
b Maximum CO2 loading of the screening test, 
c Difference of CO2 loading  
between 40 oC and 70 oC, d Difference in CO2 loading between 40 oC and 120 oC under equilibrium conditions, e The absorbent  
MDEA was used as a reference 
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Heat of Reaction 
The heat of reaction for selected absorbents was measured with a Differential Reaction Calorimeter (DRC, 
SETARAM) as shown in Figure 7. This instrument works on the simple principle of differential thermal analysis 
which continuously measures the difference in temperature 'T between a sample reactor and a reference reactor. 
The amount of absorbed CO2 in the solvent was then measured with Total Organic Carbon analyzer. To calculate 
the heat of reaction the total generated heat was divided by the increase in CO2 in the solvent during CO2 injection. 
The solvent volume was 150ml and the injected gas was 100% CO2. 
 
We selected fourteen test absorbents for the heat of reaction measurements. The results are presented in Figure 8. 
This figure shows that the heat of reaction for the tested tertiary amine absorbents is smaller than the heat of reaction 
for MDEA except the absorbent NNDMDEA-2EO, which shows a slightly higher heat of reaction. We determined a 
relationship between the absorption rate and the heat of reaction as shown in Figure 9. Figure 9 shows that tertiary 
amines DMAE, DEAE, 3DEA-1,2-PD, TM-1,4-DAB, TEDAM, DMAE-EO and DEAE-EO enhances the reaction 
rate several times with a considerable decreases in the heat of reaction compared with MDEA. Amines with higher 
absorption rates usually exhibit higher heat of reaction but the tertiary amine absorbents used in this study show 
opposite trends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Experimental apparatus for heat of reaction measurements (SETARAM, DRC) 
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Figure 8. Experimental results for the heat of reaction tests 
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Figure 9. The relationship between heat of reaction and absorption rate 
4. Research achievements and future development 
We investigated twenty five tertiary amine based CO2 absorbents with different structures and found thirteen 
promising tertiary amines with higher CO2 absorption rates and lower heat of absorption than the standard absorbent 
MDEA, as shown in Figure 9. Using information obtained from these tests a few guidelines will be discussed in the 
next few sentences. Methyl and ethyl groups were found to be the most suitable functional groups for the 
enhancement of the initial absorption rate and capacity while they also decrease the heats of reaction (entries 1, 3, 4, 
10, 13, 14, 22 and 23, Table 1 and Figure 8). The introduction of a methyl substituent at the E-carbon and bulky 
group/groups to the nitrogen atom decreases the reaction rate slightly but increases the CO2 loading capacity (entries 
2, 4, 5, 7 and 8, Table 1). An increase in hydroxyl groups decreases both the absorption rate and the CO2 loading 
capacity (entries 6, 9, 16, 17 and 19-21, Table 1). The introduction of an ether functional group to tertiary amines 
decreases the heat of reaction and increases the absorption capacity and rate slightly (entries 23-25, Table 1 and 
Figure 8). According to our absorbent development plan we will continue to search for better amine absorbents 
which have superior reaction rates and heat of reaction and then we will try to develop better cost saving absorbents. 
5. Conclusions 
We developed several tertiary amine based absorbents with superior absorption rates and heats of reaction 
compared to MDEA. Results from this study also revealed how the structure of tertiary amine based CO2
 
absorbents 
affects the initial absorption rate, the heat of reaction and the CO2 absorption capacity. The results presented in this 
paper can provide basic guidelines for finding potential tertiary amine based absorbents that may lead to a better 
approach for the development of new technologies in the CO2 capture area. 
Acknowledgements 
This study was conducted as a part of the COCS project, which was financially supported by the Ministry of 
Economy, Trade and Industry (METI), Japan and carried in collaboration with four Japanese companies Nippon 
Steel Co., Nippon Steel Engineering Co., Ltd., Mitsubishi Heavy Industries, Ltd. and The Kansai Electric Power Co., 
Inc. 
References 
1. A. B. Rao. and E.S. Rubin 2002. Environ. Sci. Technol. 36, 20: 4467-4475 
2. K. A. Hoff, T. Mejdell, O. Juliussen, E. Børresen, K. G. Lauritsen, H. T. Semb, & H. F. Svendsen, 2006. 
Proceedings of the GHGT-8: 8th International Conference on Greenhouse Gas Control Technologies, Trondheim, 
Norway, Jun. 2006. Elsevier Ltd., Oxford, UK, paper 01_06_08. PDF, 6p.  
3. S. Shimizu, M. Onoda, K. Goto, K. Yamada, & T. Mimura, 2006. Proceedings of the GHGT-8: 8th International 
Conference on Greenhouse Gas Control Technologies, Trondheim, Norway, Jun. 2006. Elsevier Ltd., Oxford, UK, 
paper 01_06_03. PDF, 6p.  
4. H. Maeda, T. Kikui, Y. Nakatsuji & M. Okahara 1982. J. Org. Chem. 47, 5167-5171 
1248 F.A. Chowdhury et al. / Energy Procedia 1 (2009) 1241–1248
